In order to clone the gene encoding a type I DNA topoisomerase from Leishmania donovani, a PCRamplified DNA fragment obtained with degenerate oligodeoxyribonucleotides was used to screen a genomic library from this parasite. An open reading frame of 1905 bases encoding a putative protein of 635 amino acid residues was isolated. A substantial part of the protein shares a significant degree of homology with the sequence of other known members of the IB topoisomerase family, in a highly conserved region of these enzymes termed the core domain. However, homology is completely lost after this conserved central core. Moreover, no conventional active tyrosine site could be identified. In fact, the protein expressed in Escherichia coli did not show any relaxation activity in vitro and was unable to complement a mutant deficient in topoisomerase I activity. The results of Southern blot experiments strongly suggested that the cloned gene was not a pseudogene. Northern analysis revealed that the gene was transcribed in its full length and also excluded the possibility that some form of splicing is necessary to produce a mature messenger. Furthermore, our results indicate that the gene is preferentially expressed in actively growing L.donovani promastigotes and that it is also expressed in other kinetoplastid parasites.
INTRODUCTION
DNA topoisomerases participate in nearly all cellular activities involving DNA (reviewed in 1). Various cellular processes such as replication, transcription and the movement of helicases along the DNA template generate supercoils that are subsequently removed by topoisomerases. Furthermore, these enzymes could also be involved in recombination and are known to play an important role in chromosome segregation, condensation and decondensation. DNA topoisomerases alter the topology of DNA via a reaction pathway that entails: (i) non-covalent binding of the enzyme to duplex DNA; (ii) cleavage of the DNA with concomitant formation of a covalent DNA-protein intermediate; (iii) strand passage; (iv) religation of the broken strand(s) (1) . The DNA is nicked by the topoisomerase following a transesterification reaction during which the enzyme forms a covalent phosphotyrosyl bond with the DNA via the tyrosine active site (1, 2) . Topoisomerases can essentially be divided into two classes: type I and type II DNA topoisomerases. Type I topoisomerases are monomeric proteins that nick one strand of the DNA duplex and relax the double helix by rotating the non-covalently held segment about the phosphodiester bond in the unbroken strand opposite the protein-induced nick (1, 2) . These enzymes can be further divided into type IA (bacterial) and IB (eukaryotic) topoisomerases. Type II topoisomerases are homodimeric enzymes (one exception is DNA gyrase from Escherichia coli) that alter DNA topology by producing a transient nick in both strands of the double helix, forming a gate through which both strands of the DNA duplex can pass (1) .
Topoisomerases have been shown to be the molecular targets of several molecules of natural and/or synthetic sources (reviewed in 3, 4) . Some of these drugs specifically interact with type I topoisomerases, whereas others recognize type II topoisomerases. Camptothecin, an extensively studied type IB topoisomerase poison, interferes with the breakage-reunion reaction of this enzyme, by trapping the key covalent intermediate, the cleavable complex (5) . Cell death is believed to occur when the replication machinery collides with an open cleavable complex (6) (7) (8) .
Parasites of the genus Leishmania, members of the trypanosomatidae family, are intracellular protozoans that infect the macrophages of mammals, including humans. Various pathologies can develop following infection by Leishmania, depending on the species involved, encompassing cutaneous, mucocutaneous and the deadly visceral leishmaniasis. The incidence of all three types of leishmaniasis is currently on the rise, mainly because of the growing number of travellers in endemic areas of the world, the lack of effective vaccines, the difficulty of vector control and the parasite's increasing resistance to chemotherapy (9) . Some classical anti-trypanosomal drugs were recently identified as topoisomerase poisons (10) . These compounds do not induce DNA fragmentation in mammalian cells, but they stabilize cleavable complexes in kinetoplast DNA of trypanosomes (10, 11) . Other studies in trypanosomes have shown a direct correlation between cleavable complex accumulation (leading to double-strand breaks) and cytotoxicity of several type I and II topoisomerase inhibitors, including camptothecin (11) (12) (13) (14) (15) . Taken together, the results of these studies strongly suggest that a different drug selectivity can be established between the human and trypanosomal topoisomerases. Topoisomerase I activity has been detected in several parasites of the trypanosomatidae family, including Leishmania donovani (11) . As a first step in the development of chemotherapy against L.donovani infections based upon the use of DNA topoisomerase I as a molecular target, we have used degenerate oligonucleotides to isolate a type I topoisomerase gene from this parasite. We have cloned a topoisomerase I-like gene from L.donovani coding for a protein of 635 amino acids and presenting an extensive degree of homology with the central core. Surprisingly, the Cterminal region of the protein does not seem to present any resemblance to the highly conserved C-terminal domain of type IB topoisomerases which normally contains the tyrosine active site within a conserved SKXXY motif (16) (17) (18) . To our knowledge, this is the first report of a topoisomerase I-like gene from this parasite.
MATERIALS AND METHODS

Cloning of the L.donovani TOP1-like gene
The sequences for synthetic DNA primers were previously generated by reverse translation of peptide sequences in a region of extensive homology among eukaryotic type I topoisomerases (19) primer (residues Q633-I628 of human Topo I). Two micrograms of genomic DNA from L.donovani were used for the PCR reaction, which was carried out at 25°C for 2 min, followed by a 1 min extension at 72°C, for 60 cycles. The PCR products were routinely analyzed by electrophoresis on a 5% polyacrylamide gel. A 138 bp fragment was obtained and subcloned into pBluescript SK (Stratagene) using the EcoRI and HindIII sites that had been introduced into the 5' and 3' primers. A random labeled probe (Random Primed DNA Labeling Kit; Boehringer Mannheim) was prepared from this 138 bp PCR fragment and used to screen a genomic library of L.donovani infantum (strain LEM1317). The library was obtained as described (20) . Essentially, partially digested Sau3A genomic DNA fragments were cloned into the BamHI site of the cLHyg cosmid shuttle vector. Four cosmids probed positive: B 7 65, C 2 78, C 10 29 and D 2 67. Since a Southern blot experiment revealed that cosmid C 10 29 shared more common DNA fragments with L.donovani genomic DNA than any of the other three cosmids, it was chosen for subcloning of the TOP1-like gene.
Hybridization studies
DNA from L.donovani Sudanese strain 1S (a generous gift from Dr Albert Descôteaux, Institut Armand-Frappier, Laval, Québec, Canada) was extracted as described (21) . DNA fragments generated by various restriction enzymes were resolved on a 0.8% agarose gel and transferred to a Nytran Plus (Mandel) nylon membrane as described (22) . DNA probes were generated by random labeling. To verify the presence of pseudogenes, DNA fragments of the cloned TOP1-like gene were used as probes. Total RNA from Leishmania cells was extracted using TRIzol (Gibco BRL). RNA was resolved on a 1% agarose gel, transferred to a Nytran Plus nylon membrane and probed with SacI DNA fragments from the cloned TOP1-like gene. Hybridization, in the absence of formamide, and washings were performed as described (22) . Hybridization signals were revealed by autoradiography using Fuji medical X-ray films. Membranes were re-used by stripping in 0.1 N NaOH (15 min) followed by two washes in 0.5 M Tris, 0.1% SDS for a period of 15 min at room temperature or by exposing them to high temperatures.
Sequencing of the TOP1-like gene from L.donovani
A 3.5 kb SalI fragment from cosmid C 10 29 that probed positive with the 138 bp PCR fragment and contained over half of the gene was subcloned into the M13mp19 phage vector. A 2.1 kb PstI fragment from cosmid C 10 29, with an overlapping region of 168 bp with the 3.5 kb SalI fragment (see Fig. 1 for a restriction map), was also subcloned into the M13mp19 phage vector. This PstI fragment also probed positive with the PCR fragment and contains the remaining part of the gene. The complete nucleotide sequence of the L.donovani TOP1-like gene was determined using an ALF automatic sequencer (Amersham Pharmacia Biotech) and a series of synthetic oligonucleotides as primers. The nucleotide sequence data was assembled and processed with the Oxford Molecular Group MacVector program, v.6.0. The multiple sequence alignment was established with the Clustal algorithm of MacVector.
Expression of the L.donovani Topo I-like protein in Escherichia coli and relaxation assays
In order to clone the TopI gene from L.donovani in a pET-21a expression vector (Novagen) in the appropriate reading frame, a PCR reaction was conducted on pSB129, a plasmid containing the TopI gene within a XhoI-PstI fragment of~3.5 kb in a pBluescript SK vector. Two primers, d(GATCGGATCCATG-AAGGTGGAGAATAG) and d(GATCGAGCTCCTCGTAC-TCGGGTGGA), were used in a PCR reaction with Pfu DNA polymerase (Stratagene) to obtain a 203 bp DNA fragment corresponding to the first 61 amino acids (183 bp) from the Topo I-like protein. The PCR product was cloned into pET-21a using the BamHI and SacI sites that had been introduced into the 5' and 3' primers. A unique AvaI site is located 156 bp downstream of the ATG of the TOP1-like gene. Following a double AvaI and partial SacI digestion of pSB129 (the SacI site is from pBluescript SK), the remaining portion of the gene was added to the first 156 nt (obtained by PCR). The resulting plasmid, pSB146, containing the entire TOP1-like gene under the control of an inducible T7 promoter and with a bacterial ribosome-binding site (Shine-Dalgarno sequence), was transformed into E.coli strain BL21(DE3) (Novagen). Protein expression and purification by chromatography on hydroxyapatite columns took place as previously described by Gatto et al. (23) , except that induction was carried out for 2 h at 25°C. Induction was conducted at a lower temperature because we noted that large amounts of L.donovani Topo I-like protein formed inclusion bodies at 37°C.
Relaxation assays were carried out in total volumes of 25 µl containing~200 ng of supercoiled DNA, 5 µl of 5× B cocktail (containing 200 mM Tris, pH 7.5, 500 mM KCl, 50 mM MgCl 2 , 2.5 mM DTT, 2.5 mM EDTA, 150 µg/ml BSA) and 10 µl of several dilutions of either crude extracts containing the expressed proteins or several dilutions of a dialyzed fraction (0.6 M KP i ) of the expressed proteins. Where indicated, EDTA was added to the reactions in molar excess over Mg 2+ . The assays were carried out at 37°C for 30 min and the reactions were arrested by phenol extraction. The products of the reactions were subsequently analyzed by electrophoresis in 0.8% agarose gels.
Parasite cell culture and growth induction
Promastigotes from L.donovani parasites were grown in supplemented SDM-79 medium at room temperature as described (24, 25) . Leishmania parasites were obtained from Dr Albert Descôteaux (Institut Armand-Frappier, Laval, Québec, Canada). For the growth induction experiments, 10 ml of a L.donovani promastigote culture at stationary phase (day 7) were transferred to a total of 50 ml of fresh SDM-79 medium for the given periods of time.
RESULTS AND DISCUSSION
Cloning of the TOP1-like gene from L.donovani
Degenerate oligonucleotides were constructed and used to generate a PCR fragment from L.donovani genomic DNA as described in Materials and Methods. A 138 bp fragment was obtained and its nucleotide sequence was determined. Over 80% of the nucleotides in the third positions of the codons were found to be guanine or cytosine residues (data not shown), which is a hallmark of Leishmania genes (26) . An alignment of the predicted amino acid sequence with the corresponding region of known eukaryotic type I topoisomerases demonstrated that 35 of the 46 amino acids in that segment were conserved (data not shown). This suggested that we had indeed amplified the targeted region of the L.donovani topoisomerase I gene. A random labeled probe was prepared from the above 138 bp PCR fragment and used to screen a L.donovani infantum genomic library. Three of the four cosmids that probed positive with the fragment as well as genomic DNA from L.donovani were analyzed by Southern blot. What the Southern blot essentially revealed is that common fragments probed positive from both L.donovani genomic DNA and the tested cosmids (data not shown). The cosmid with a larger number of common fragments (C 10 29) was selected for this study. The fragments that were common to both genomic and cosmid DNA were considered for subcloning.
Sequence analysis of the Topo I-like protein
Both strands of two fragments containing altogether the entire TOP1-like gene with an overlapping region of 168 bp were sequenced: a 3.5 kb SalI fragment containing roughly the first half of the gene and a 2.1 kb PstI fragment containing the remaining part of the gene (see Fig. 1 for a restriction map) . Taking L.donovani codon usage into consideration, sequence data was assembled and processed. A single open reading frame (ORF) consisting of 1905 nt was found. The predicted amino acid sequence (635 residues) is presented in Figure 2 as well as its alignment with type I topoisomerases from several sources. It was found that the L.donovani cloned ORF and human Topo I share 38.4% identity and 54.4% similarity rates. Roughly, the first 472 amino acid residues of the ORF present an extensive degree of homology with known eukaryotic type I topoisomerases. Eukaryotic topoisomerases are monomeric in nature and can essentially be divided into four major domains (Fig. 2) , two of which, the core and the C-terminal domains, are required for its catalytic activity (27) (28) (29) . In the human counterpart, roughly the first 197 amino acid residues represent the N-terminal domain that is likely important for targeting the enzyme to the nucleus of the cell. This domain is poorly conserved and its length varies among representatives. For this reason, its sequence in the other known type I topoisomerases was not included in the alignment. The core domain in the human Topo I encompassing approximately residues K198-I651 is highly conserved and is important for preferential binding of the enzyme to supercoiled DNA. The C-terminal domain extends roughly from residue Q697 to F765 and contains the catalytically important active site tyrosine (Y723). The core and the C-terminal domains are connected by a poorly conserved linker region (approximately residues D652-E696) (27, 29) . The ORF region of the TOP1-like gene from L.donovani that resembles a eukaryotic type I topoisomerase corresponds to the central core domain (Fig. 2) . Interestingly, the N-terminal region of the L.donovani protein is relatively short. In fact, there are only 10 amino acid residues before the homology with the central core domain of topoisomerases I begins.
Alanine substitution mutation studies with vaccinia topoisomerase I showed that His265 is essential for the enzyme catalytic activity (30) . Interestingly, this His residue is conserved among all known members of the IB topoisomerase family in a VAILCNH motif and is also present in the predicted amino acid sequence of the L.donovani TOP1-like gene (H453; Fig. 2 ). His265 is only nine amino acids away from the tyrosine active site in the vaccinia enzyme and the interval between the homologous histidine of cellular topoisomerases and their respective tyrosine active site is interrupted by a linker region of variable length. The linker region has no counterpart in the poxvirus topoisomerases and is poorly conserved within the cellular IB topoisomerase family. It is also dispensable for catalytic activity (27) (28) (29) . The tyrosine active site of these enzymes usually lies within a SKXXY motif within the C-terminal end of topoisomerase I (16) (17) (18) . Amino acid sequence analysis of the L.donovani ORF after the first 472 amino acid residues seems to indicate a loss of homology starting approximately in the region where the linker domain would be expected to begin if such a domain were to exist. Moreover, no SKXXY motif could be identified. However, following a region of substantial disparity among the sequences of the aligned topoisomerases, we found a stretch near the end of the ORF (in the conserved DVPIEK motif region) in which homology seems to be recovered (in amino acid residues D597-K609 of the protein; Fig. 2) . At this point, we propose three explanations for the observed phenomenon: (i) one or several mutations had occurred within the cosmid, leading to the loss or replacement of the tyrosine active site; (ii) this is a new class of eukaryotic type I topoisomerase with an active site other than the conventional tyrosine; (iii) we had cloned a pseudogene.
Sequencing of the 3'-region of the gene from genomic DNA
It is a known fact that the overproduction of active topoisomerases in bacteria is problematic, if not lethal, for the cells (for example see 31). It is therefore possible that inactivated versions of the topoisomerase I gene are the only ones that could be maintained in the cell. In that case, only clones encoding a mutated inactive form of topoisomerase I could be recovered. To verify this hypothesis, we conducted a PCR reaction with genomic DNA from L.donovani using one 5' oligonucleotide corresponding to positions F409-S415 of the ORF (before the loss of homology) and another in the 3'-end of the gene (236 nt following the stop codon). The PCR product was subcloned and sequenced. The nucleotide sequence obtained was identical to that stemming from the cosmid DNA, excluding the possibility of mutations (data not shown). This result also clearly demonstrates that the cloned DNA sequence corresponds to one gene from L.donovani and, therefore, that it is not the result of multiple insertions of DNA sequences from disparate regions of the genome. This is also supported by the results of Southern blot experiments described in another section.
Protein expression and relaxation assays
Catalytic residues other than the tyrosine active site have never been identified in topoisomerases, although histidine and cysteine residues were suggested (1). Because they share common . Amino acid residues in light and dark gray boxes, respectively, represent conserved substitutions and identical residues. Sequences between the first two arrows include the human Topo I core domain, whereas sequences delimited by the second and third arrows correspond to the human Topo I linker domain. Sequences that follow the last arrow correspond to the human Topo I C-terminal domain that normally includes the active site tyrosine residue (indicated by an arrowhead) which is absent in the LD sequence. The L.donovani Topo I-like sequence, together with the corresponding nucleotide sequence, has been submitted to the GenBank database and issued the accession number AF145121. structural and mechanistic features, type IB DNA topoisomerases and site-specific recombinases are, more often than not, believed to derive from a common ancestral strand transferase (32) . DNA strand breakage and joining by site-specific recombinases occurs by transesterification reactions. The integrase family of the conservative site-specific recombinases perform these reactions via a tyrosine residue, as is the case with topoisomerases, while the members of the resolvase-invertase family accomplish the same reactions by a serine active site (33) . Interestingly, a serine (S580) of the L.donovani ORF is aligned with the tyrosine active sites of other known members of the topoisomerase IB family (Fig. 2) . With this in mind, the TOP1-like gene was cloned into a pET-21a expression vector with its own start ATG codon, under the control of a bacterial Shine-Dalgarno sequence and a phage T7 RNA polymerase promoter (plasmid pSB146; Materials and Methods). We first tested for the ability of pSB146 to correct the growth defect of an E.coli topA null mutant (34) . Whereas plasmid pET1B carrying the human topoisomerase I gene in a similar expression vector (23) was able to correct the growth defect of this mutant, we found that pSB146 was not (data not shown). The complementation of this topA null mutant by human topoisomerase I expression has been previously demonstrated (31) . The fact that the L.donovani TOP1-like gene was not able to correct the growth defect of the same topA null mutant suggested that the Topo I-like protein was either not produced in E.coli or was catalytically inactive. To address this question, plasmids pSB146 and pET1B were both introduced into E.coli BL21(DE3) cells and protein overproduction was induced as described in Materials and Methods. As can be seen in Figure 3A , a protein with a molecular weight that matches the estimated 73.6 kDa according to the amino acid composition of the Topo I-like protein of L.donovani was detected in the crude extract of induced cells Despite the fact that human topoisomerase I was produced in much smaller amounts as compared to L.donovani Topo I-like protein, relaxation activity, at a dilution of at least up to 100-fold, was only detected in crude extracts of cells over-producing the human protein (compare Fig. 3B , human topoisomerase I, with Fig. 3C , L.donovani Topo I-like protein). Relaxation activity was detected despite the presence of a potent nuclease activity in the crude extract (Fig. 3B, -EDTA) . Relaxation assays were also performed in the presence of excess EDTA to chelate divalent cations such as Mg 2+ , in order to inactivate the nuclease activity. As expected, since divalent cations are not required for type IB topoisomerase I activity (1), human topoisomerase I activity was still detected (Fig. 3B, +EDTA) . Adding EDTA did not, however, allow the detection of relaxation activity in crude extracts containing L.donovani Topo I-like protein (Fig. 3C, +EDTA) . These results strongly suggested to us that this protein was catalytically inactive, at least in the crude extract. The Topo I-like protein was then partially purified by chromatography on a hydroxyapatite column. The proteins were eluted with a linear gradient of 0.2-0.9 M potassium phosphate as described in Materials and Methods and the protein of interest was eluted in fractions between 0.55 and 0.65 M KP i inclusively, with a peak at 0.6 M KP i (Fig. 4A) . This is consistent with the elution pattern of human (23) and Caenorhabditis elegans topoisomerases I (35) . Relaxation assays with dialyzed fractions under several experimental conditions, including substitution of Mg 2+ for Mn 2+ , proved unsuccessful (see, for example, Fig. 4B and C) . In order to demonstrate that there were no inhibitors in the bacterial extracts that were masking the activity, human topoisomerase I, purified by the same protocol, was added to some reactions. As can be seen in Figure 4B (-EDTA) and C (+EDTA), human topoisomerase I activity was not inhibited. A nuclease activity was still present in the eluted fractions in the absence of EDTA (Fig. 4B) . A similar amount of this nuclease activity was also detected in the 0.6 M KP i fraction from induced cells carrying the vector alone (pET-21a), demonstrating that this activity is not linked to the L.donovani Topo I-like protein (data not shown). Altogether, these results strongly suggest that the L.donovani Topo I-like protein is not catalytically active.
Screening for other TOP1-like genes
In order to verify the possible existence of additional TOP1-alleles, genomic DNA from L.donovani was analyzed by Southern blot. DNA was digested with a total of 15 restriction enzymes. The results of the described Southern blots are presented in Figures 5 and 6 . Genomic DNA from the parasite was digested with several enzymes whose restriction sites were absent in the TOP1-like gene: BamHI, ApaLI, KpnI, ClaI, EcoRI and NdeI (Figs 5 and 6 ; see Fig. 1 for a restriction map) . The membranes were first probed with a 1069 bp SacI fragment spanning the first part of the gene (Figs 5A and 6A) , that which substantially resembles a top1 gene. In all cases, a single The membranes were subsequently stripped as described and probed with a random labeled 750 bp long SacI fragment (Figs 5B and 6B), corresponding to the 3'-end of the gene plus an extra 285 bp of DNA following the stop codon (Fig. 1) . In the case of enzymes that do not cut in the TOP1-like gene, the bands that had probed positive with the 5' SacI fragment also probed positive with the 3' fragment. All our results therefore indicate that the cloned gene really exists and that it is present as a single copy in the genome of the parasite.
Expression of the TOP1-like gene
A northern blot experiment was conducted to establish how the TOP1-like gene is expressed in the parasite. Total RNA was extracted from L.donovani promastigotes at different time intervals, as described in Materials and Methods. The RNA was subsequently probed with the 1069 bp SacI fragment overlapping the region of the gene coding for a protein that resembles a type I topoisomerase. In each case, a single band of~3.4 kb probed positive with the fragment. As can be seen in Figure 7 , the intensity of the band increases as the parasite enters the growing phase and dramatically decreases when the stationary phase is reached. This suggests that the TOP1-like gene is preferentially expressed in actively growing L.donovani. Additionally, the fact that a single band probed positive with the TOP1-like fragment seems to suggest that no other forms of the messenger exists in the cell. Trypanosomatids have a distinctive way of storing and expressing their genetic information. No introns have been identified in the genes of Leishmania, so alternative splicing has not to date been described in these and related parasites (reviewed in 36). To further examine the question of whether the TOP1-like gene was fully transcribed, the membrane was stripped and reprobed with the SacI fragment in the 3'-region of the gene. Again, a band of 3.4 kb probed positive with the fragment, suggesting that the gene is transcribed in its full length and confirming our belief that no form of alternative splicing occurs to yield a mature TOP1 messenger (data not shown). Messengers of similar sizes were also detected in other kinetoplastid parasites when the 1069 bp SacI fragment from the TOP1-like gene of L.donovani was used as a probe (Fig. 8) .
In light of our results, we sought to explain how this gene could participate in conferring a topoisomerase I-like activity in L.donovani. Three possibilities are considered. First, it is conceivable that the gene does encode a fully active topoisomerase I but that no activity was detected under our in vitro and/or in vivo conditions. Despite the fact that a type IB topoisomerase with an active site other than the conventional tyrosine has never been described, the possibility cannot be ruled out, and it would account for the fact that the protein was inactive under the assay conditions that were used with other known eukaryotic type IB topoisomerases. Since not much is known on a molecular level of L.donovani and other related parasites, another possibility is that some unknown and yet undescribed form of post-transcriptional or post-translational modification(s) occurs in these parasites to yield a fully active topoisomerase I. The third hypothesis is that the active site of the L.donovani topoisomerase I is carried by a second subunit and therefore encoded in a different gene. It is now well established that human topoisomerase I activity can be reconstituted in vitro by mixing purified core domain together with C-terminal fragments of variable length (28) . Recently, a two-hybrid system was used to identify proteins that interact with the central conserved domain of Saccharomyces cerevisiae DNA topoisomerase I (37) . Several different C-terminal domaincontaining fragments of topoisomerase I were identified as specific interacting polypeptides. None of these fragments overlapped with the core domain. Moreover, co-expression of the two domains in yeast partially complemented the growth problems of a mutant deficient in topoisomerase I activity and in vitro assays confirmed this restored activity (37) . For the moment, we can only speculate on what really occurs in the parasite and work is currently in progress to test the various hypotheses.
